Abstract: The innovative 3D printing has been successfully applied to layeredly build-up construction-scale structures through the extrusion of various cementitious materials. Favourable buildability of fresh cement mixture and the hardened properties of the printed structures are essential requirement for the application of 3D concrete printing. This paper firstly proposed a 3D printable cement mixture containing 40% mining tailings. The influence of paste age on the buildability of forty-layer structure was evaluated, as well as the bending resistance of prism specimen sawed from the printed structure. The bonding between layers is a critical factor that influences the structural capacity. In particular, the weak bonding interface formed in the layered extrusion process was identified through high-resolution X-ray CT scanning. It is necessary and desirable for the cement paste to perform both well buildability and mechanical performances. Thereafter, a proper amount of viscosity modify agent (VMA) was used to improve the structural integrity by increasing the contact behaviour between the adjacent extruded layers. Meanwhile, the impact of curing method on the hardened properties of 3D printed structures was accessed. Results indicated that the prepared tailing mortar achieved sufficient buildability to be used in an extrusion-typed 3D printer at the paste age of 45 min. The mould-cast specimens process flexural strength of 7.87 MPa. In contrast, the flexural strength of printed specimens values 5.22 MPa and 12.93 MPa, respectively, after the addition of 1.5% VMA and 90°C steam curing.
Introduction
In recent few years, various 3D printing techniques have been developed and pave a promising way for the optimal design of complex solid models and the guidance to real engineering practices (Ju et al. 2017a, b) . Lots of attempts have been conducted to explore the potential of 3D printing in the building and construction industries, such as D-shape, contour crafting and concrete printing (Buswell et al. 2007; Gibbons et al. 2010; Le et al. 2012; Cesaretti et al. 2014; Kazemian et al. 2017) . Such techniques are well suited to the production of one-off, complex structures that would often be difficult to produce using traditional manufacturing methods. Cementitious materials that are compatible with 3D printing promote rapid application of this innovative technique in the construction field with advantages of cost effective, high efficiency, design flexibility and environmental friendly (Khoshnevis 2004; Zhang and Khoshnevis 2013; Labonnote et al. 2016; Attaran 2017) . It is critical to ensure a complementary connection between the designs of the printable mix and printing machine. Up to date, various 3D printable mixtures have been continuously developed, such as high-performance composite (Le et al. 2012; Gosselin et al. 2016) , fibre reinforced mixtures (Hambach and Volkmer 2017) , etc. A number of specific implementation practices have been presented. For example, a five-story apartment 3D printed by WinSun (2015) , the BigDelta project (WASP 2016), a castle printed in situ (Rudenko 2015) , architectural elements (Gosselin et al. 2016) etc., which have all demonstrated the great potential and feasibility of 3D printing in constructing large-scale building components.
The printable property of fresh cementitious materials and the mechanical behavior of the hardened structures are of great concerns for current 3D printing technologies (Le et al. 2012; Feng et al. 2015; Perrot et al. 2016; Ma and Wang 2017) . One of the important printable characteristics is the buildability, which refers to the ability of cement paste to retain its extruded shape under self-weight and the resistance to the pressure from upper layers (Le et al. 2012; Lim et al. 2012; Perrot et al. 2016) . Buildability can be considered as the early stage stiffness. Good buildability is a basic requirement for 3D printable mixtures. A feasible approach for improving the buildability is to properly extent the paste age of the mixture (Reinhardt and Grosse 2004; Voigt et al. 2006) . A longer time allows the further cement hydration and therefore contributing the mix to acquire certain stiffness.
However, this approach would scarify the fluidity and adhesive behavior of the fresh paste, which may result in poor hardened structural capability and integrity. In the printing process, the concrete components are created by bonding the extruded filaments together to form each layer without using extra formworks (Pegna 1997; Khoshnevis and Dutton 1998; Feng and Liang 2014) . The rheology and flowability of the fresh material must allow its fluent extrusion to form small filaments. Concrete paste of low fluidity and adhesion is likely to form voids between filaments and weak bonding interface between adjacent filament and layers, which are negative for the overall mechanical performances (Le et al. 2012) . Therefore, it is of great significance for the cement paste to optimize and coordinate the well buildability and mechanical properties.
Proper treatment can be applied to improve the bonding between the layers and to decrease the voids formed by the filaments. Viscosity modifying agents (VMA) are water soluble polymers that control the flow characteristics and rheological performance of concrete mortars (Lachemi et al. 2004; Leemann and Winnefeld 2007; Benaicha et al. 2015) . VMA is also a good material to ensure extrudability as it reduces the cement paste permeability, and therefore reduces the less risk of water drainage (Perrot et al. 2006 (Perrot et al. , 2012 (Perrot et al. , 2015 . Research investigations have indicated that adding VMA in cement pastes decreases the flowability at a constant water content, however, it can increase corresponding yield stress and plastic viscosity (Leemann and Winnefeld 2007; Benaicha et al. 2015) . Proper addition of VMA can improve the water retention and reduce the bleeding, contributing to the contact and bonding between the adjacently deposited filaments. The overall mechanical properties are therefore enhanced (Kovler and Jensen 2005; Lin and Huang 2010) . It is therefore feasible and promising to improve the bonding effect of extruded layers by incorporating proper dosage of VMA. Besides, the 3D printing process of construction differs from the traditionally fabrication process. This innovative technique is appropriate for pre-fabricated structural components. Proper curing method can be employed to the hardened structures to improve the degree of cement hydration and the compactness of microstructure of the matrix. However, there is little investigation available regarding to the influence of VMA and post-curing method on the viscous and bonding property of cement motors used for 3D printing.
The objective of study is to optimize the structural integrity and mechanical performance of the components printed at a favourable buildability situation. To this end, this paper firstly proposed a 3D printable cementitious material that is suitable for the extrusion-based printing process. The influence of paste age on the buildability of fresh motors was evaluated to reach a desirable buildability. Meanwhile, the bending resistance of printed prism specimens fabricated at different paste ages was tested. Thereafter, a proper amount of viscosity modify agent (VMA) and different curing method were applied to improve the structural capacity by increasing the bonding force between the adjacent extruded layers. Particularly, X-ray CT scanning was implemented to characterize the weak bonding interfaces formed in the layered extrusion processes.
Materials and Methods

Material Preparation
Rapid hardening Portland cement P. O 42.5R, fly ash and silica fume are used as the binding materials. Local river sand with a specific surface area of 0.101 m 2 /g and copper tailings with a specific surface area of 0.141 m 2 /g serve as the fine aggregates. Besides, high efficient polycarboxylatebased superplasticizer with a water reducing rate of more than 30% and a solid content fraction of 37.2% are adopted to achieve the required flowability for the mixture. Flowability should be controlled to ensure the fresh paste is smoothly and continuously transported from the storage system to the nozzle without blockage and disruption, therefore realizing the compatibility between workability and printing process. Additionally, a low shrinkage is essential as the freeform components are built without formwork. A small amount of polypropylene (PP) fibers are employed to reduce the cracking produced by water evaporation. Table 1 shows the mixture proportions of the raw materials used for material preparation. The chemical compositions of tailing determined by X-ray fluorescence (XRF) analysis are listed in Table 2 . Meanwhile, the particle size distribution parameter of tailings is presented in Table 3 . After a series of attempts and trials, it was found that the most suitable mix for printing is comprised of a tailing to sand mass ratio of 2:3, which mean that 40% natural sand was replaced by mining tailings (Ma et al. 2018) .
In the preparation process, PP fibers and the dry powders, i.e., cement, fly ash, silica fume, natural sand and tailings are firstly mixed and blended for three minutes to obtain a uniform mixture. Then, one half of the total amount of water along with the superplasticizer is added in and stirred for 2 min. Subsequently, the second half of the total amount of water together with superplasticizer is poured in and stirred for an additional two minutes.
Prism Specimen Manufacture
After the blending, fresh paste is delivered to the material storage tank equipped in our self-designed printing system to manufacture a forty-layer structure. The printed structure is illustrated in Fig. 1(a) . It is built-up by vertically stacking extruded filaments of length of 250 mm and width of 30 mm without collapse. The opening of the printing nozzle is 8 mm 9 30 mm. After a series of trials, the optimal operational parameters are determined for a smoothly printing process. The extrusion rate V e of the cementitious material is designed as 5.4 litres/minute and the printing speed V p is controlled as 450 mm/min. The extrusion rate of fresh mortar is controlled by the rotation of a mixing blade that firmly connected to a drive motor. The speed V p accounts for the moving speed of the printing nozzle, which is also controlled by a drive motor. More detailed information can refer to our previous experimental investigations (Ma et al. 2018) .
Thereafter, prism specimens with size of 30 mm 9 30 mm 9 120 mm are sawed from the 3D printed structure. As the picture shown in Fig. 1(b) , the prism samples are of corrugate surfaces and the layers are perpendicular to printing direction. Then the printed specimens are smoothed to eliminate the influence of corrugate surface on the fracture behaviours, since that cracks are prone to initiate from the transition zones between two layers. Meanwhile, specimens manufactured in mould-cast state are taken as the reference specimens. Table 4 presents the testing procedures which are designed to find out an optimal solution for the 3D printable mortar to reach a favourable buildability and structural capacity. Flexural behaviours are investigated in both mould-cast and printed specimens. Herein, three factors are considered, i.e. paste age, VMA dosage and curing method.
Testing Procedure
Paste age refers to the duration from the ending of the blending of raw materials to the starting of the printing. The liquid and viscous property of fresh pastes are crucial to the bonding performance between layers, which greatly depends on the paste age. It is expected that the shorter the paste age, the higher bonding strength between layers. Three paste ages range from 15 to 45 min and three VMA contents range in 0.5-1.5% are taking into account. A longer paste age was not considered due to the fresh mortar became stiff and then could not be printed. Once the specimens are demoulded after 24-h curing at room temperature, they are cured by three different methods to monitor the strength development with time. The water curing method is designed to directly immerse the specimens into water at room temperature (approximately 20°C) for 7 days. The steam curing method is to cure the samples with steam at 90°C for 72 h. While the standard curing method is to place the samples in the moist cabinet for proper curing with an ambient temperature of 20 ± 1°C and the relative humidity of 95 ± 5% for 7 days.
As the testing procedures given in Table 4 , series No. T1-T3 are designed to evaluate the influence of paste age on the flexural performance of printed specimens, No. T4-T6 are applied to measure the impact of VMA on the flexural The d(0.1), d(0.5) and d(0.9) denote the size of the 10, 50 and 90% of the particles measured are smaller than or equal to the size stated. Fig. 1 a Forty-layer structure manufactured through an extrusion based printing system and b prism specimens with corrugate surface sawed from the printed structure.
behaviors, and T3 and T7-T8 are used to access the effect of curing method on the flexural performances. The flexural properties of both printed and casted specimens were tested according to ASTM C348-14 (ASTM 2014). As shown in Fig. 2 , a three-point bending jig was mounted on a digital servo-control universal testing machine with a loading capacity of 100 kN to measure the flexural tensile strength. A symmetrical three-point loading setup, with a beam span of 70 mm, was used for the flexural tests. The loading rate was set to 48 N/s. The load-displacement curves for all specimens were automatically recorded until specimen failure. At least three identical specimens for each situation were tested.
X-ray CT Characterization
Non-destructive X-ray computed tomography (CT) has been widely adopted to provide an accurate identification of the meso/microscopic structure of engineering materials (Lu et al. 2006; Gallucci et al. 2007; Zhang et al. 2012) . In this section, we intend to employ the advanced CT technology to detect the voids and weak bonding interfaces formed by the filaments as well as the relative position between the fracture path and interfaces. For scanning, a high-resolution CT with a maximum spatial resolution of 10 lm was adopted, which satisfied the needs of reconstructing meso-level structures. Due to the specimen was beam-shaped, the scanning was focus on the zones in neighbourhood of the fracture surfaces rather than the whole specimen, aiming to improve the clearness of the detecting images. Moreover, the separated two parts of prism sample after bending test are assembled together to facilitate the CT characterization.
Results and Discussion
Effect of Paste Age on the Buildability
In the section, the influence of paste age on both the buildability and mechanical property are measured and evaluated in order to find an optimal balance between the buildability and strength. To evaluate the influence of paste age on the buildability of fresh mortar paste, 20-layer structures are built up by the proposed tailing mortar at the paste age of 15, 30, and 45 min, respectively. Figure 3 presents the constructed structures with designed dimensions of 30 mm (W) 9 250 mm (L) 9 160 mm (H). The printed structures illustrate that the fresh mortar material can be stably stacked in the vertical direction without collapse, indicating an acceptable buildability. However, there may form apparent interfaces between adjacent layers due to the inherent layer structure, which is negative to the structural integrity of the 3D printed models.
A longer paste age of the cement-based materials promote the hydration degree of binding materials, and it facilitate the fresh paste turns to plastic state from the fluidity state (Boumiz et al. 1996; Voigt et al. 2003; Trtnik et al. 2008) . As the measured data presented in Fig. 4 , the height of the structures stacked by a certain number of layers of filaments increases with the paste age. Similarly, the average layer thickness also increases with the paste age. Therefore, the increased stiffness contributes to the development of the buildability, i.e. the ability of the paste to retain its extruded shape and the ability to sustain the weight of the subsequent layers.
At the paste age of 45 min, the average thickness of layers under pressure of self-weight measures 7.5 mm, accounting for 93.8% of the optimal designed value 8.0 mm. The optimal value is the thickness of the right printed filament with no slump. In most cases, it equals to the size of the nozzle. Measured results indicate that the material at the paste age of 45 min can perform favourable loading capacity. Good buildability is featured by a sufficient stiffness and unobvious deformation. It is feasible to improve the buildability by increasing the paste age. However, prolong the paste age will reduce the surface chemical activity to a large extent, produce more voids between two adjacent filaments and form relative weak interfaces between layers, therefore producing negative influences to the mechanical integrity of the printed structures (Panda et al. 2017) . In most cases, proper deformation of the filament is expected to fill the voids to improve mechanical capacity of the printed structures through enhancing the contact and bonding of adjacent filaments. Therefore, there is a balancing relationship between the buildability (stiffness) and the void filling (mechanical capacity).
Effect of Paste Age on the Bending Performance
As above discussed, increasing the buildability through prolong the paste age may scarify the bonding force between adjacent layers. The bending behaviour of prism specimen printed at different paste ages were evaluated. Figure 5 (a) describes the relationship of load (P) and deflection (d) (displacement in the middle span) of both casted and printed prism specimens in the three-point bending process. From the P-d curves, all specimens proceeded quickly under load to failure, with the rapid extension of cracks and instantaneous fractures. The P-d curves displayed no post-peak deformation, indicating obvious brittle failure. Cracking took place in the middle section of the specimens, leading to rough fracture surfaces. The variations in the 7-day flexural strength (f flx ) and ultimate deflection (d ult ) in the span centres of the prism specimens printed at different paste ages are presented in Fig. 5(b) and (c), respectively. The flexural strength f flx of specimens printed at the paste age of 15, 30, 45 min was approximately 31.4, 33.4, and 46.1% lower than the casted samples, respectively. Meanwhile, the mid-span defection d ult of specimens printed at the paste age of 15, 30, 45 min was approximately 49.5, 40.1, and 36.2% lower than the mouldcasted samples, respectively. The longer the paste age, the lower the bending resistance. Additionally, the fracture energy G f was calculated based on the load-deflection curves. G f quantifies the energy necessary to create a unit area of crack surface projected onto the plane parallel to the crack direction (Zhao et al. 2008 ). The weak bonded interfaces of printed specimens are prone to produce cracks and resulting in low fracture energy. As the data shown in Fig. 5(d) , the printed structures perform lower crack resistance to the applied bending load. From these test results, in general, the printed specimens are of lower bending/fracture resistance relative to the casted ones, which was mainly derived from the bonding strength between adjacent layers are weaker than that of the matrix mass. There will form rough fracture surfaces once the specimen failed in the bending loads. The two separated parts are assembled together as Fig. 6 shown to facilitate the CT scanning. Figure 7 illustrates the X-ray CT characterization of microscale structures of prism specimen in neighbourhood of the bending fractures. As the CT images shown in Fig. 7(a) , there is no obvious voids other than the intrinsic pores formed in the hydration process. The paste age of 15 min produces a trivial impact on the mortar matrix.
However, the layered structure and significant porosity in the micron order can be seen clearly when the paste age prolonged to 30 min and 45 min, which are characterized by a series of microscale voids/pores, as the pictures displayed in Fig. 7(b) and (c). These voids possess comparative size to the intrinsic pores in the cement matrix. A distinct feature is that they are discontinuously distributed along the boundary of the extruded filaments, as the yellow imaginary line marked in the CT images. From a mesoscopic point, the curved boundary may have induced by the instability of the material extrusion through the small nozzle. The weak interface becomes more noticeable as the paste age increases. The voids located at the boundary of layers demonstrate the existence of the interfaces. Due to the reduction of chemical activity and rheology of the extruded paste, there must be certain discontinuity between the interlayers. However, the poor bonded interfaces will not all certainly 
Effect of VMA on the Flowability
The 3D printing process of construction differs from the traditionally fabrication process. The failure modes or the path of the fracture surface is heavily influenced by the layer delamination. The bond strength between stacking layers shall rely on certain specific treatment methods. It is expected that VMA is a proper agent to modify the contact behaviour of two adjacent layers due to its potentiality of water retention and surface tension reduction. However, incorporating a certain amount of VMA into the cementitious mixture may lower the flowability of the fresh material. Figure 8 depicts the fluidity of proposed tailing mortar with different VMA contents. The fluidity is characterised by the spreading diameter of fresh paste through a vibrate table test, which is introduced in the previous work (Ma et al. 2018 ). The measured results indicate that, as predicted, the higher VMA content, the more viscous and the lower flowability of cement paste. Based on our previous measurement, the mortar material that keeps a spreading diameter ranging in 17.4-21 cm performs acceptable printability (Ma et al. 2018) . As the data presented in Fig. 8 , the cement pastes with designed content of VMA (0-1.5%) all keep a spreading diameter within the recommended range and therefore meet the requirement for printing. However, more addition of VMA is not applicable for the fresh mixtures to acquire acceptable printability due to the mortar with low flowability may block the material transition system or even cannot be printed.
Effect of VMA on the Bending Behaviour
It is expected that the bonding property of the extruded layers will be improved through using a certain amount of VMA. To verify this expectation, the bending behaviour of prism specimens fabricated with different VMA content was investigated. The paste age for printing is designed at 45 min because of the mixture can acquire favourable buildability at this time. The load-deflection curves of printed specimens with different VMA content are shown in Fig. 9(a) . The results indicate that the prism specimens all perform obvious brittleness. The VMA does not produce obvious influence on the failure patterns of printed structures. As the data presented in Fig. 9(b) , the flexural strength increases with the addition of VMA and the strength of samples with 1.5% VMA is approximately 26% higher than that without VMA. The results demonstrate the positive contribution of VMA to the mechanical property of printed structures. Meanwhile, the addition of VMA greatly enhanced the fracture resistance. As illustrated in Fig. 9(c) , the G f was improved by 17.6, 42.6, 54.5%, respectively, when 0.5, 1.0 and 1.5% VMA was employed. However, 3D printed beams show no obvious variation of the maximum deflection with the increasing amount of VMA, as shown in Fig. 9(d) . Generally, the mechanical properties between adjacently extruded layers were effectively improved through incorporating a certain amount of VMA.
To further probe the influence of VMA on the contacting behaviour between the filaments, CT scanning technique was implemented to characterize the microscale structures in adjacent to fractured zones of tested samples. The detection method is same as that illustrated in Fig. 6 . From the scanning results, when 0.5% VMA is added, the fracture induced by the applied bending loads propagates along the weak bonding face, as the CT image shown in Fig. 10(a) , which proves a negative impact of the bonding interface on the mechanical property of the laminated structure. It is of possibility that the cement pastes without or with low dosage of VMA may exhibit certain bleeding of water, therefore, a relatively thin layer of water will be formed on the outer surface of extruded filaments, which produce negative effect on the contact or bonding between adjacent layers. When the addition of VMA is increased, the induced crack is prone to parallelly or crossed propagate along the interface due to the contact property between filaments is improved to a certain degree. As the detection result illustrated in Fig. 10(b) , only a short length of crack is converged with the weak interface when the dosage of VMA is increased to 1.0%. It is therefore expected that the interfaces will produce trivial influence to the structural capacity when the adjacent layers are strongly bonded. The CT image presented in Fig. 10(c) proves this expectation. Cracks extent parallelly to the interface instead of converged with it. The addition of VMA enhance water retention and reduced bleeding of cement pastes, contributing the contact or bonding between printed filaments, and therefore eliminating the influence of the interlayer delamination on the fracture path to a large extent. The fractures can be normal, parallel or cross layer structures. From these measured results, it is feasible and promising to employ proper viscous modify agent for the material preparation to reach desirable structural performances.
Effect of Curing Method on the Bending Behaviour
Due to the layered build-up manner, 3D printing of cementitious material is appropriate for prefabricated structural components. Proper curing can promote the strength development of the concrete structures. Figure 11 evaluates the bending behaviour of prism specimens cured through standard curing method, water curing method and steam curing method. From these test results, the distinct brittleness of mortar material has not been modified through the different curing method. The beam specimens instantly fractured once the peak load was reached (Fig. 11a) . As the measured results given in Fig. 11b , the bending strength of standard cured specimens are close to the water cured ones. However, the 90°C steam curing manner significantly enhanced the strength development. The flexural strength of specimens with steam curing was about four times higher than that of the standard curing. Steam curing improves the maximum mid-span deflection of specimens about 50% relative to the standard cured samples. These findings are mainly derived from that silica fume reacts with the calcium hydroxide (Ca(OH) 2 ) during the hydration of cement and promotes the formation of calcium silicate hydrates (C-S-H). This phase links the various components together allows to create a dense and compact cementitious matrix, resulting in a high mechanical properties (Ju et al. 2013) . From the test results, steam curing significantly contributes to the improvement of the microstructures of the cement matrix as well as elimination of the interlayer delamination, therefore resulting in the structural capacity enhancement of the printed structures. While this is sufficient for some construction applications, further improvements to strength will be necessary for many construction applications.
Conclusions
This paper has investigated the structural capacity of components printed at a favourable buildability situation. The paste age, VMA content and curing method are considered to optimize the buildability of the fresh paste and the mechanical strength of the hardened material to meet the requirements and demands of structural capacity of the printed stricture. The following conclusions can be drawn from this study:
(1) As a result, the buildability of the proposed tailing material can be controlled by adjusting the paste age. The longer the paste age, the better the buildability. At the paste age of 45 min, the average layer thickness measures for 75 mm, accounting for 93.8% of the optimal designed value. The Low-slump characteristic represents a well buildability. It is feasible to improve the buildability by adjusting the paste age. (2) The flexural strength f flx of specimens printed at the paste age of 45 min accounts for 46.1% of the mouldcasted samples. From the CT identification, the weak bonding interface are characterized by discontinuously distributed small voids along the boundary of extruded filaments. The weak interface becomes more noticeable as the paste age increases. The inherent nature of layer delamination negatively influences the structural integrity and capacity of printed models. (3) Incorporating a content of 1.5% viscous modify agent can increase the flexural strength and fracture energy by 25 and 54.5%, respectively. The addition of VMA eliminate the influence of the interlayer delamination on the fracture path to a large extent. The flexural strength of material with 1.5% VMA measures 67% of the mould-casted ones. The flowability of fresh paste shall be taken into account to meet the basic requirement of a desirable printability when a certain amount of VMA is adopted. (4) Steam curing method introduced in this study increased the strengths approximately four times from the original strength. Flexural strengths about 12.93 MPa can be achieved with this post-processing method. The inherent nature of the layered structure becomes less distinct as components are cured. Heat curing at 90°C may not be an applicable means for the rapid manufacturing processing, however, it is indeed a promising post-treatment method for enhancing the mechanical performances.
The paper has investigated the structural integrity and bending resistance of the components printed at a favourable buildability situation. It is applicable and favourable to enhance the 3D printed structures by the proposed methods. However, there still exist certain mechanical mismatch between the printed with mould-cast specimens. Next step researches shall be continuously explored to reduce the weakening impact of layer delamination on the structural performance of components. Meanwhile, the mechanical anisotropy of the printed laminar structure is necessary to be investigated in the ongoing works. Since the current printed objects are either unreinforced, or reinforcement is applied manually, fibre reinforced cement mixtures or fibre-reinforced polymers (FRPs) that is of great potential to increases the ductility of the printed mortar should be developed. Further research will also be devoted to explore the frontiers of 3D printing and promote its effective application in the real-life construction sectors.
